Introduction
Respiratory failure from pulmonary edema often follows severe asphyxia. Some investigators have attributed this lung fluid imbalance to elevated pulmonary venous pressures associated with heart failure (1-5); others have suggested that endothelial cell injury is the source ofthe edema (6) (7) (8) . Adamson and co-workers (3) produced severe asphyxia in fetal lambs by occluding the umbilical circulation. They found that left atrial pressure and lung lymph flow both increased but that microvascular permeability to protein was not affected. In contrast, O'Brodovich and co-workers (8) found that the combination of alveolar hypoxia and hypercapnia increased lung lymph flow without altering left atrial pressure in year-old sheep. They attributed the increase in lymph flow to an increase in protein permeability of the pulmonary microcirculation.
The purpose ofthis study was to assess the effects ofcombined hypoxia and hypercapnia and of severe asphyxia on lung water balance and protein transport in newborn lambs. We studied ten 2-4-wk-old anesthetized lambs which were mechanically ventilated first with air for 2-3 h, then with 10-12% oxygen in nitrogen for 2-4 h, and then with 10-12% oxygen and 10-12% carbon dioxide in nitrogen for 2-4 h. Next we stopped their breathing for 1-2 min to produce severe asphyxia, after which we followed their recovery for 2-4 h.
We found that alveolar hypoxia and alveolar hypoxia combined with hypercapnia increased lung lymph flow by increasing filtration pressure in the pulmonary microcirculation. Neither hypoxia with hypercapnia nor severe asphyxia affected the permeability of the pulmonary microvascular bed to protein.
Methods
Surgical preparation. Surgical preparation of the lambs is described in detail elsewhere (9, 10) . Each lamb had two operations, the first within 2 d of birth and the second 7-10 d later. We used halothane and nitrous oxide anesthesia through a piston type respirator during both operations. Before and after surgery the lambs remained with their mothers for feeding and warmth.
In the first operation, we inserted polyvinyl catheters into a peripheral artery and vein through an incision in the left leg and advanced the catheters until their tips were in the descending aorta and inferior vena cava, respectively. Through a left thoracotomy we placed polyvinyl catheters directly into the left atrium and pulmonary artery and a 3.5-French thermistor wire (Gould Statham, Statham Instruments, Inc., Hato Rey, Puerto Rico) into the pulmonary artery.
During the second operation, a right thoracotomy, we resected the systemiccontributions to the caudal mediastinal lymph node and inserted a polyvinyl catheter, impregnated with heparin (TDMAC Processing, Polyscience, Inc., Warrington, PA), into the efferent duct of that node. In addition, we placed a 3 X 3 cm silicone balloon (Silastic; Dow Coming Corp., Midland, MI) in the pleural space for subsequent measurement of pleural pressure. We allowed the lambs at least 3 d to recover from surgery before starting experiments.
Description of experiments. The average age of the six female and four male lambs at the time of study was 25±1 d, and the average weight was 8.5±0.5 kg. At the beginning of the study wegave each lamb sodium pentobarbital intravenously, 20 mg/kg body weight. We placed a cuffed tube in the trachea of the lambs and provided ventilation with a piston-type respirator (model 607; Harvard Apparatus Co., Inc., South Natick, MA) set at a rate of 60 breaths/min. We adjusted the tidal volume of the respirator to keep the P.CO2 at =40 torr and then kept tidal volume and respirator rate constant throughout the study. The lambs breathed air for 2 to 4 h, then 10-12% oxygen in nitrogen for 2 to 4 h, followed by 10-12% oxygen and 10-12% carbon dioxide in nitrogen for 2 to 4 h. At the end of this period of hypoxia and hypercapnia, we induced a brief period of asphyxia by turning off the respirator and occluding the endotracheal tube for 1-2 min. After the period of asphyxia the lambs breathed air from the ventilator for 2-3 h.
Throughout the study the lambs rested on a canvas sling which did not interfere with respiratory movements, and they intravenously received sodium pentobarbital, 6 (11) .
We calculated pulmonary vascular resistance as the difference between pulmonary arterial and left atrial pressures, divided by the cardiac output. Arterial pH, P02, PCO2, and inspired gas tensions were measured with a blood gas analyzer (Coming Glass Works, Medfield, MA).
In 5 ofthe 10 lambs, we performed tracer studies with radioiodinated albumin during the baseline period and during the recovery period after asphyxia. For this procedure, we first obtained two baseline samples of blood and lymph, after which we injected 2-3 ;tCi/kg of '251I-human albumin (Mallinckrodt, Inc., St. Louis, MO) into the right atrium. We then collected samples of lymph every 15 min for 2-3 h and samples of aortic blood at the midpoint of each collection period.
Analytic methods. We spun samples of blood and lymph and measured concentrations of protein and albumin in the supernatant fluids by the biuret method (12) and by cellulose acetate electrophoresis (13) (Microzone I 10; Beckman Instruments, Inc., Fullerton, CA).
For the radioactive tracer experiments we transferred 0.1 ml of each sample of lymph and plasma into test tubes and measured the radioactivity within each sample for I min in a multichannel pulse analyzer (Searle 512; Searle Analytic, G. D. Searle and Co., Des Plaines, IL). We calculated specific activity for each sample by dividing the number of counts per minute by the concentration of albumin in the sample and plotted the specific activities as a function of time (Fig. 1) . We used the method of Zilversmit et al. (14) to calculate a turnover time (T) for equilibration of albumin between plasma and lymph: T = (I/AS2) f,2 (SI -S2)dt, where SI and S2 are specific activities of labeled albumin in plasma and lymph respectively, t1 and t2 are times after the injection of labeled albumin, and AS2 is the change in specific activity of labeled albumin in lymph between timest, and t2 ( Fig. 1 ). We used a desk top computer (Apple II Plus; Apple Computers Inc., Cupertino, CA), programmed for trapezoidal approximation, to integrate the areas under the two specific activity curves (R. C. Targett, A2 Devices Inc., Alameda, CA). Postmortem studies. We killed 11 lambs to examine their lungs for evidence of edema: two lambs after 12 h of mechanical ventilation with air, four lambs after 4-6 h of ventilation with air followed by 2-3 h of hypoxia and hypercapnia, and five lambs after 2-3 h of recovery from 4-6 h of ventilation with air followed by 2-3 h of hypoxia with hypercapnia followed by severe asphyxia.
To obtain the lungs, we anesthetized each ofthe lambs with additional intravenous sodium pentobarbital, 10 mg/kg body weight, and resected the lungs at an inflation pressure of 25 cm H20. We rapidly froze a small portion of one lobe in liquid nitrogen for subsequent examination under a microscope. We homogenized the remaining lung to measure extravascular water content by a modification (15) Statistical analysis. Results in the text and tables are expressed as the mean±l SEM. We used two-factor analysis of variance and the Student-Newman-Keuls test to compare measurements made during each ofthe four steady state periods. We used an unpaired t test corrected for multiple comparisons to compare postmortem measurements of lung water and blood content. We regarded as significant those differences that were supported by a P value < 0.05 (17) .
Results
Hypoxia alone. During anesthesia and constant ventilation, alveolar hypoxia had no significant effect on arterial pH, PCO2, heart rate, systemic arterial pressure, systemic venous pressure, or pleural pressure (Table I) .
Mean pulmonary arterial pressure increased on the average by 60%; cardiac output and left atrial pressure were unaffected by hypoxia. As pulmonary vascular resistance increased by 60% during hypoxia, average lung lymph flow increased by 74%; the concentration of protein in lymph decreased without any change in plasma protein concentration (Table II, Fig. 2 ). The ratio of albumin to globulin in lymph relative to the ratio in plasma did not change.
Hypoxia and hypercapnia. The addition of 10-12% CO2 to the inspired gas had no effect on heart rate, mean aortic or systemic venous pressure, or pleural pressure (Table I) . Mean pulmonary arterial pressure increased 22% and cardiac output increased 13%. Left atrial pressure and calculated pulmonary vascular resistance did not change. Lung lymph flow increased by 33%, and lymph protein concentration decreased (Table II, Fig. 2 ). The ratio of albumin to globulin in lymph relative to that in plasma remained unchanged.
Asphyxia. The duration of asphyxia was 1 to 2 min in all 10 lambs. Arterial blood obtained at the end of this period had a mean pH 6.88±0.02, P02 18±5 and PCO2 104±9 torr. Five the 10 lambs required resuscitation with external cardiac massage and injection of bicarbonate and epinephrine after asphyxia.
Recovery from asphyxia. We studied the lambs for at least 2 h after the acute asphyxial insult. During recovery, arterial P02 and PCO2 returned to values similar to those obtained during the control period, but the animals remained acidemic. Mean aortic pressure was lower after asphyxia than during any of the preceding periods. Heart rate and mean pleural pressure were unchanged (Table I) .
During asphyxia, pulmonary arterial and left atrial pressures both increased. During recovery from asphyxia, pulmonary arterial and left atrial pressures, cardiac output, and lung lymph flow all rapidly returned to control values (Table II, Fig. 2 ). Although lymph and plasma protein concentrations were less than they were during the baseline period, neither the lymph protein concentration relative to the plasma protein concentration nor the ratio of albumin to globulin in lymph relative to the same ratio in plasma was significantly different from values obtained during the baseline period. The turnover time for 1251-albumin after asphyxia was not significantly different from that measured during the baseline period (185±16 vs. 179±12 min).
Postmortem measurements. Both lung blood and extravascular lung water content decreased during asphyxia and remained decreased throughout the 3-h recovery period (Table III) . A comparable period of mechanical ventilation with air had no effect on either lung water or lung blood content. We examined sections of frozen lung by light microscopy and found that they were well inflated, with no evidence of edema or hemorrhage.
Discussion
We previously showed that alveolar hypoxia increases pulmonary arterial pressure and lung lymph flow and decreases the con- All data are mean±SEM. * Different from baseline (air breathing), P < 0.05. t Different from 10-12% 02, P < 0.05. (23), who showed that alveolar hypoxia accentuated increases in lung fluid filtration associated with increased perfusion ofisolated pig lungs.
The decrease in lymph protein concentration during combined hypoxia and hypercapnia indicates that the permeability of the pulmonary microcirculation to protein was unaffected by persistent respiratory acidosis. To evaluate further this hypothesis, we plotted the lymph-to-plasma protein ratio as a function of rate of lung lymph flow for all 10 lambs (Fig. 3) . We compared the results with those from two other sets of experiments also done in our laboratory: in one set, we increased lung lymph flow by inflating a balloon in the left atrium of seven lambs, so that filtration pressure in the pulmonary microcirculation increased by -10 torr (24); in the second set, lymph flow was increased by putting the lambs in 100% oxygen for 3-5 d (25) . During hypoxia with hypercapnia, as lymph flow increased the lymph/plasma protein ratio decreased, just as it did when filtration pressure was increased by inflation of a bal- loon in the left atrium. The response was clearly different from that which occurred when microvascular permeability to protein was increased by sustained hyperoxia. In addition, during hypoxia with hypercapnia, the ratio ofalbumin/globulin in lymph relative to that in plasma did not decrease, suggesting that the sieving properties of the microvascular membrane did not change.
We conclude that hypoxia with hypercapnia increases lung lymph flow by increasing filtration pressure in the pulmonary microcirculation. This probably occurs secondary to the increased pulmonary blood flow observed during hypoxia with acidemia.
The brief period of total asphyxia was severe, as reflected by the arterial blood gas tensions and the subsequent need for resuscitation in five of the lambs. Despite this severe insult, recovery was associated with a rapid return to baseline of pulmonary arterial and left atrial pressures, lung lymph flow, and lymph protein concentration. These findings indicate that asphyxia did not injure the pulmonary microcirculation.
We further investigated the possibility that asphyxia had damaged the capillary endothelium of the lung by measuring the turnover time (T) for radioiodinated albumin during the baseline period in air and during recovery from asphyxia. We found no difference. Our results are very similar to those obtained by Adamson and co-workers (3) , who found no change in pulmonary capillary permeability to protein in fetal lambs subjected to brief asphyxia by umbilical cord occlusion. They concluded, as we did, that an increase in lung lymph flow during asphyxia was the result of an increase in lung microvascular pressure.
Our results are different from those obtained by O'Brodovich and co-workers (8) , who studied the effects of hypoxia and hypercapnia on lung fluid balance in conscious yearling sheep. In their experiments, lung lymph flow increased and the concentration ofprotein in lymph decreased during combined hypoxia and hypercapnia. The decrease in lymph protein concentration was less than that observed when they increased lymph flow by inflating a balloon in the left atrium ofthe sheep. They attributed the change to lung microvascular injury. To support this view, they showed IgM flux was greater than IgG flux during hypoxia with acidemia than it was during hypoxia alone or during left atrial pressure elevation.
There are several possible reasons for the apparent discrepancy between their results and ours. First, their studies were considerably shorter than ours were. The average duration of hypoxia and hypercapnia was only 1 h; it is possible that they did not wait long enough to observe the "washdown" of the lymph protein concentration that occurs when lung microvascular pressure increases. In newborn lambs stressed by alveolar hypoxia or hypercapnia, the protein concentration in lung lymph often takes several hours to reach a steady state (18, 26) . When we prolonged hypoxia and hypercapnia for 2-3 h in these experiments, the increase in lung lymph flow and the decrease in lymph protein concentration paralleled the changes observed by O'Brodovich and co-workers when they raised left atrial pressure in their sheep. Second, our lambs were anesthetized and mechanically ventilated, whereas the animals studied by O'Brodovich et al. were conscious and breathed spontaneously. It is possible that anesthesia may inhibit lung endothelial injury, but other studies indicate that this is unlikely (27) . In previous experiments we showed that neither anesthesia nor mechanical ventilation inhibits the increase in lymph flow that occurs when lambs become hypoxic (18) . Third, it may have been incorrect for O'Brodovich et al. to interpret the increase in lymph IgM concentration as evidence of increased lung vascular permeability: Gorin and Gould (28) showed that both IgG and IgM enter the lymph from the caudal mediastinal lymph node of the sheep. Consequently, increases of lymph immunoglobulin concentrations may simply reflect increased release from lymphatic tissue rather than increased capillary permeability.
The decrease in lung water during the control period and after recovery from asphyxia was unexpected and was not simply the result of prolonged mechanical ventilation (Table III) . One possible explanation is that hypoxia, in particular hypoxia with hypercapnia, stimulated contraction of lung lymphatics and caused them to pump water out of the interstitium of the lung, thereby increasing lung lymph flow and decreasing lung water content. If we assume, however, that we collected two thirds of total lung lymph flow (29) , the observed increase in lung lymph flow was more than could be accounted for by the decrease in lung water. Therefore, at least some of the increase in lymph flow must come from a circulating source, such as plasma. Furthermore, the decrease in lung water content observed during recovery from asphyxia could not have resulted from lymphatic drainage because lymph flow returned to the baseline level after asphyxia. (15) . Consequently, overall lung water content might be normal or even reduced. During the period of hypoxia and hypercapnia the protein concentration in the interstitial fluid surrounding perfused microvessels would be low because of the high filtration pressure. During recovery from asphyxia the microvascular pressure would decrease throughout the lung, whereas plasma protein osmotic pressure would remain unchanged. Net filtration pressure in vessels with a low concentration of protein in the surrounding interstitium would be low because the transmural difference in protein osmotic pressure would be large. These conditions would favor net reabsorption of fluid and a further reduction in extravascular lung water.
Several investigators have demonstrated that hypoxia alters the pattern of pulmonary perfusion. Haab et al. (32) analyzed alveolar-arterial gradients for nitrogen and found that hypoxia exaggerates ventilation perfusion imbalances. Viswanathan et al. (33) performed perfusion lung scans on adults who had experienced high altitude pulmonary edema and found a patchy redistribution of perfusion during hypoxia. Dawson and coworkers (34, 35) found increases in upper lung perfusion in human subjects during alveolar hypoxia, and Dugard and Naimark (36) found that during hypoxia blood flowed preferentially toward the top of the lung in the upright dog. Recently, Capen et al. (37) confirmed that observation using in vivo microscopy and radioactive microspheres in dogs during alveolar hypoxia.
Other investigators have studied the effects that such a redistribution of perfusion would have on filtration pressure in the microcirculation of the lung. Hyman (38) studied how progressive segmental closure of lung vessels influenced pressureflow relationships in pulmonary arteries and veins of dogs. He perfused selected segments of the lungs at varying flow rates and found that as segment size decreased, pressure in both pulmonary arteries and veins increased; i.e., filtration pressure increased. In similar experiments, Hultgren (39) simulated blood flow redistribution by perfusing lobes ofdog lungs at successively higher flow rates until pulmonary edema occurred. Landolt and associates (40) also found that pulmonary edema developed in sheep when three-quarters of their lung tissue was removed and cardiac output was held constant by blood transfusion.
We previously showed that blood flow per unit lung mass is greater in newborn lambs than it is in adult sheep (5) . In this respect, the newborn lung is analogous to the partially resected adult lung, in which increased blood flow enhances fluid filtration and lymph flow in those parts of the microcirculation that are perfused. In hypoperfused areas of the lung, an increased transmural protein osmotic pressure difference would facilitate reabsorption of fluid. These conditions probably prevailed in our lambs after asphyxia, when their lung vascular pressure and interstitial protein osmotic pressure were low, possibly accounting for the reduced lung lymph flow and lung water content that we observed during the recovery phase of our experiments.
